Surviving viral attack is essential for any species to avoid its irreversible removal from the ecosystem, and microbes must involve the resistance or susceptibility of individual cells. The co-existence between viruses and their hosts has led to the evolution of complex viral attack and host defence strategies. We review the state of the art about our understanding of resistance to viruses in aquatic eukaryotic photosynthetic microorganisms for which no synthesis has been provided yet, with comparisons to what is known for (cyano)bacteria or archaea. We discuss the cost of viral resistance to host cells, pointing out why it is important to consider its effect in studies of aquatic ecosystems, and how this may lead to a better understanding of population growth, structure, succession and blooms. The evolutionary consequences of resistance in the host-virus interactions are then reviewed, before considering possible perspectives for future research.
Introduction
Phytoplankton is responsible for about half of the photosynthetic activity on Earth [1, 2] , the second half being assured by terrestrial plants. The striking difference between these two compartments is that marine (aquatic in a broader sense) photosynthesis, in contrast to its terrestrial counterpart, is mainly assumed by unicellular organisms, including both prokaryotes (e.g. cyanobacteria) and eukaryotes [3, 4] . Viruses infect a large variety of aquatic prokaryotic and eukaryotic primary producers such as cyanobacteria, diatoms, cryptophytes, prasinophytes and prymnesiophytes [5] [6] [7] and evidence that viruses play critical roles in aquatic ecosystems has accumulated over the last two decades [8, and references therein] . Estimates for total lysis rate in phytoplankton populations vary widely in time and space [6] [7] [8] , but viruses do play an important role in algal bloom control, regulation and termination [9] [10] [11] . As an example, in Emiliania huxleyi blooms, up to 50% of the cells were visibly infected by viruses during the decaying phase of the bloom [9, 12] and blooms of this species are terminated by viruses [9, 11, 13] . Viruses infecting phytoplankton are extremely diverse [14] , and most of the viruses infecting eukaryotic phytoplankton are reported to be members of the Phycodnaviridae family (''phyco'' from their algal hosts, ''dna'' because they have DNA genomes) [15] [16] [17] . However, several examples of RNA viruses infecting eukaryotic microalgae are also known [reviewed in 18] , such as in diatoms [19, 20] , in the harmful red-tide dinoflagellates Heterocapsa circularisquama [21] and Heterocapsa akashiwo [22] and in the chlorophyte Micromonas [6] .
Viruses infecting microorganisms display three main kinds of lifecycles: lytic, lysogenic and chronic [7] . The lytic cycle is, by far, better known for eukaryotic phytoplankton, probably not because it is more frequent but because it is the easiest to study. Indeed, during the lytic cycle, viruses proliferate until the lysis of the host cell and their release, thus it is easy to visualize and count this mortality, for example by plaque-forming units [23, 24] where phytoplanktonic cells grow on agar plates and lysis appears as cleared circular regions (plaques) on the plate. Viral-induced mortality can also be counted by electron transmission microscopy [25] or throughout the modified dilution method [26, 27] using flow cytometry. On the other hand, so far, the lysogenic cycle has been well described only in heterotrophic prokaryotic hosts [7] in contrast to autotrophs [28] even if the integration of a virus genome (circular dsDNA virus of 320 kb) into host genome has been reported for the macroalgae Ectocarpus siliculosus [29] . A similar situation to lysogeny results from a carrier state or pseudolysogeny [7] , where a virus is latent in the host cell but is not integrated into the host genome. This state has been mentioned for Paramecium bursaria Chlorella Virus PBCV-1 [30, 31] . Chronic infection involving viruses which are episodically or constantly released from the host cell, but without lysing it, is common in metazoan viruses. Such infection strategy has been extensively studied in medical virology, for example, in the Herpes and Hepatitis viruses [32] . In the aquatic environment, Mackinder et al. [33] found that Emiliania huxleyi virus (EhV) is released via budding, so that EhV particles are coated in lipid membrane, but this chronic cycle ends as a lysis of the host cell. Recently, chronic infection without host lysis has been reported by some of us for the first time in a marine primary producer Ostreococcus tauri, where cells release viruses through budding and without lysis of the host [34] , allowing a stable coexistence between host and its virus.
Strategies of resistance
Molecular details of prokaryotic resistance to viruses have been elucidated in certain terrestrial host-pathogen systems [see 35 for an overview] but here we focus on aquatic ecosystems. Many excellent reviews on aquatic viruses have been written during the last 10-15 years [see 8 for references], mainly about the important roles of viruses (both phages and eukaryotic viruses) but, to our knowledge, the specific aspect of cell resistance to viral attack has only been briefly discussed in single publications [7, 36, 37] . Here we review mechanisms of resistance of both prokaryotic (cyanobacteria) and eukaryotic phytoplankton and consider each step in the viral cycle, including adsorption to the host cell surface, viral DNA entry, and viral replication or release, as any of these steps might form a barrier to viral propagation.
Waterbury and Valois [38] first observed that populations of Synechococcus inoculated with different cyanophage populations were not affected by these viruses, and suggested that a preponderance of resistant cells might account for this. Further studies [39, 40] subsequently confirmed that despite abundant cyanophage populations, relatively few bacterial cells were lysed (<10%). Tarutani et al. [41] monitored the clonal composition of a population of Heterosigma akashiwo (Eukaryota, Raphidophyceae, a harmful bloom-forming phytoplankton) during and after a bloom, and observed that H. akashiwo resistant cells replaced susceptible cells after the bloom disintegration by H. akashiwo viruses, and observed that resistance and susceptible of cell types probably co-exist.
Blocking viral adsorption
Adsorption is the first step of viral infection. It occurs through the interaction between host cell membrane receptors and viral surface components. Receptors used by viruses belong to widely different families of proteins, carbohydrates, or lipids, often in complex cell surface matrix structures [42] . Viral receptors are naturally occurring cellular molecules that serve physiological functions for the cell, which have been hijacked by the virus for adsorbing to the cell. This variety of surface molecules allows viruses to exploit different cell tropisms and modulate different cell recognitions. For example, in Gram-negative bacteria, phages interact with lipopolysaccharides, external membrane proteins (i.e. porins, transporters), or with pili and flagella [43] .
Tarutani et al. [44] demonstrated the importance of adsorption as a very first step in determining viral susceptibility and specificity in a eukaryotic phytoplankton, since viruses of the red-tide forming Raphidophyceae Heterosigma akashiwo could not adsorb to resistant cells. Resistance to viral adsorption conferred by host cell mutations could include (i) receptor structure modification, (ii) alteration of receptor accessibility, (iii) decrease in the number of receptors on the cell surface, and/or (iv) loss of receptor sites. However, cellular or molecular descriptions of these four processes are rather scarce [35] .
Minimal changes in viral genomes may trigger a shift in receptor usage for virus entry, which leads them to exploit alternative viral adsorption pathways [42] . On the other hand, Waters and Chan [45] , using a MOI (multiplicity of infection) of 28, found that only 50% of the green microalga Micromonas pusilla cells lysed after 9 h and a high proportion of viruses did not adsorb while all susceptible cells should have been infected during the first hour. They cloned virus-resistant cells and showed that a mutant virus was able to infect these resistant cells. They suggested that hosts may change composition or conformation of their surface molecules to resist viral pressure, through spontaneous mutation [46] ( Figure 1 ). Another possible example of cell surface modification of phytoplanktonic cells 
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is the ''Cheshire Cat'' strategy, as opposed to the ''Red Queen's race'' between competing hosts and viruses [47] . Here, the haploid phase of the haptophyte Emiliania huxleyi does not calcify (i.e. is a naked form, not producing surface scales), contrary to the diploid stage. After the demonstration by Jacquet et al. [11] of a correlation between decalcified cells and viral production, Frada et al. [47] showed that such naked forms were indeed resistant to Emilinia huxleyi viruses (EhV) and that exposure of diploid cells to viruses promoted transition to the haploid stage six days after infection. These authors suggested that molecules recognized by EhV capsids may be modified or absent in haploid cells, allowing them to become ''invisible'' to viruses. They called this the "Cheshire Cat" strategy, in homage to Lewis Carroll's novel " Alice in Wonderland" where one can read that the crafty and philosophical Cheshire Cat escapes being beheaded on the order of the Red Queen by rendering his body transparent. In the same way, by changing their form during the haploid phase, eukaryotes can evade biotic pressure and reinvent themselves within their own species.
Another mechanism could be the secretion of extracellular viral inhibitors such as the cell wall sulfated polysaccharide of Porphyridium sp., which prevents viral access to cell receptors [48] .
Brussaard et al. [49] showed that colonial forms of Phaeocystis pouchetii are resistant to viral infection, in contrast to individual cells. Thus colonial forms, which are surrounded by an ''outer skin'', were protected from viral adsorption (Figure 1 ).
Early work [50] on non-aquatic systems showed that lysogeny often gives immunity to ''superinfection'' by related bacteriophages that can be conferred either by repressor molecules produced by the prophage inside the host cell [7] , or by changing the cell's antigenic properties. For example, epsilon-prophages of Salmonella encode enzymes that modify polysaccharides of the cell envelope [7, 51] . In the marine environment Jiang and Paul [52] found that 43% of the prokaryotic population from a series of different environments contained prophages inducible by mitomycin C and UV light. Immunity to superinfection was described as an inhibition of novel viral replication [53] in the marine bacterium Listonella pelagia whose lysogeny with phage ÈHSIC gave homo-immunity, perhaps resulting either from a change in the cell surface of the lysogen, giving poor phage adsorption, or by a repressor inhibiting novel phage synthesis.
When such changes in host cell-membrane receptors occur, it is likely to influence the ability of resistant cells to interact with their environment. For example, Middleboe [54] mentioned that mutations in the lipopolysaccharide core of the cell membrane of resistant cells was associated with reduction of fitness and suggested that resistant bacteria have a competitive disadvantage relative to susceptible populations for nutrient uptake [55] .
Blocking viral entry
Viruses can use a number of different pathways to effect entry [for a general review see 56] but usually either the viral genome or the whole virus enters the cell just after viral adsorption. Paramecium bursaria Chlorella Virus-1 PBCV-1, infecting the eukaryote Chlorella, attaches to the host receptor by hair-like fibers and encodes proteins involved in cell wall degradation at the point of attachment [57] [58] [59] . Then the virus DNA enters into the host cell cytoplasm, leaving an empty capsid on the host surface [60] . Restriction endonuclease genes were found in the genome of PBCV-1, suggesting they help to degrade host DNA during viral infection [61] [62] [63] [64] , but this remains to be experimentally tested.
Agarkova et al. [64] presented two hypotheses on the function of the virus restriction systems. Firstly, a host DNA degradation hypothesis, helping to recycle and reincorporate deoxynucleotides into virus DNA and, secondly, a virus exclusion hypothesis, leading to a balance between host defense and viral defense. In contrast, the coccolithovirus Emiliania huxleyi virus (Phycodnaviridae) internalized after fusion with the cell membrane [33] .
In the Mamiellophyceaean alga Ostreococcus tauri, two types of resistance were described but in both cases viruses could absorb to the host membrane. However, the mechanism of this immunity to infection remains unknown [34] . Overall, the resistance mechanisms of blocking viral entry remain unknown in marine organisms.
Blocking viral replication
Viruses are obligate parasites and use a wide variety of cellular proteins for the transcription, translation and replication of their genomes. Mimivirus (and related giant viruses, also called giruses) nevertheless encode a large proportion of their functionalities for DNA replication and transcription and a certain functionality of the translation machinery [65] . Little is known about resistance mechanisms operating at this level in marine viral lifecycles. For example, Stolt and Zillig [66] reported the existence of a repressor gene (named rep) in the marine archaebacterium Halobacterium salinarum, able to protect cells from viral infection. This gene is encoded by the prophage infecting the bacteria and blocks phage transcription. Tomaru et al. [67] reported the only example so far showing blockage of viral replication in an eukaryotic phytoplankton. They transfected the viral RNA genome into resistant cells of the dinoflagellate Heterocapsa circularisquama to see whether this host was permissive or not to viral replication ( Figure 1 ) and found that intracellular viral RNA replication was interrupted in virus-resistant cells, but the molecular mechanism responsible is still unknown.
In prokaryotes (i.e., Bacteria and Achaea), one general mechanism of resistance preventing viral replication involves the acquisition of short fragments of foreign nucleic acids into clustered regularly interspaced short palindromic repeats (CRISPRs) in the host genome [68] [69] [70] . This nucleic acid-based immune system is mediated by a variable cassette of up to 45 protein families that represent distinct immune system subtypes [71] . Although these sequences are common in prokaryotes (in the majority of bacterial genera and ubiquitous in Archaea), they are absent from all known eukaryotic algal genomes (CRISPR finder, http://crispr.u-psud.fr/Server/). CRISPR spacers show sequence homology with foreign elements, including bacteriophage and plasmid sequences [69, 72, 73] and suggest that the presence of a CRISPR spacer identical to a phage sequence provides resistance against phages containing this particular sequence.
Control of viral release and interference with viral dissemination
Release of viral particles most frequently occurs as a ''burst'' from the host cell, at a point when the cell is full of new viral particles. Viral dissemination is thus usually rapid and intense. However, a small proportion of host cells often survives and replicates due to lysogeny (see above) or may be chronically infected. When the lytic cycle is not prevalent in the environment, viral abundances are expected to stay constant or decrease due to viral decay [74] , but in fact the abundance of viruses remains high [40] . Chronic infection, where virus replication within their host is controlled and where their expulsion operates by simple diffusion through the cell wall or by budding without cell lysis, is an alternative form of viral cycle for which little information is available in aquatic systems. Viruses may use lytic, lysogenic or chronic infections at different periods during the year depending on host cell metabolism in relation to seasons and resource availability [40, [75] [76] [77] . In marine micro-organisms chronic infection has so far only been described in the green picoeukaryote Ostreococcus tauri. In this species, virus-resistant cell type, named ''resistant producer (R P )'' was able to produce one to three viruses per cell and per day without lysing. Viruses were released through vesicles formed at host membrane [34] .
Host escape strategies
There are several mechanisms by which a host can avoid interacting with its viruses. Virusinfected Heterosigma akashiwo cells sink more rapidly than healthy cells, then moving out of the euphotic zone because of their higher density [78, 79] , and this may prevent viral infection of conspecifics. This ''altruistic'' strategy can be explained in terms of evolution for clonal conspecifics.
Recently, Yooseph et al. [80] described a strategy called ''cryptic escape'', where success against predators is achieved by limiting the effective biomass. When host populations become small and individuals rare predation is limited (a derivative of the ''killing the winner'' theory). Controlling biomass can be done in two ways: by reducing population size or by reducing biomass per individual (i.e. small genomes leading to small cell-sizes). A similar form of escape results when viruses have narrow host ranges (high specificity) and where there is high host diversity, the large dilution of infectable hosts thereby reducing their accessibility (Figure 1 ) [81] [82] [83] .
Pagarete et al. [84] suggested that sphingolipids promote the formation of lipid rafts in the membrane of the alga Emiliania huxleyi which become focal points on the membrane for viral budding and release. As the infection progresses, there is a massive increase in sphingolipid requirement and the accumulation of sphingolipids within infected cells triggers virion release through host programmed cell death. The expression pattern of the sphingolipids pathway in coccolithophorids suggests that sphingolipid biosynthesis driven by the virus is a crucial factor for successful dissemination of viruses. Pagarete et al. [84] speculated that a host-specific sphingolipid could be involved as a bioactive lipid signaling molecule among host cells, able to trigger meiosis in a fraction of the cell population and allowing them to escape viral infection [47] .
Costs of resistance
How can viruses remain in the environment if spontaneous resistance to them occurs frequently? Theory suggests that the co-existence of sensitive and resistant cells may be due to a trade-off between competitive ability and reduced mortality [85] , and that development of viral resistance has physiological costs related to a decrease in fitness of other functionalities [7] . This was confirmed by Bohannan and Lenski [86] who described a fitness cost associated with the evolution of resistance to viruses. This cost might be influenced by the environmental resources (nutrients availability for example) and the coevolutionary trajectory between an organism and its viruses may depend not only on the environment, but also on differences among resistance mutations in fitness costs [85, 87] .
The magnitude of the cost of resistance could depend of the viral community composition in the environment [88] . Fitness cost may increase proportionally with ''total resistance'' (the number of viruses for which a strain has evolved resistance), or with ''compositional resistance'' (the different identities of the viruses to which it has evolved resistance). Lennon et al. [88, 89] described that Synechococcus fitness may be influenced by the identity of the viruses to which it evolved resistance.
The cost of resistance is often observed to be reduced growth rate. As an example, in Synechococcus, phage-resistant bacteria grew 20% more slowly than control [88, 89] , and 50% more slowly in Phaeocystis pouchetii [90] . Resource uptake might also be reduced by mutations affecting the host cell surface, lowering competitiveness [86] . Susceptible cells allow the virus to persist and the virus in turn prevents the sensitive cell population from competitively excluding the resistant cells, establishing a dynamical equilibrium between hosts and viruses in the environment. The fitness cost of resistance can be eliminated through the reversion of resistance into a sensitive phenotype.
When the virus is absent, the resistant organisms are less fit than their susceptible counterparts, increasing the probability of extinction for resistant cells. Variations of fitness associated with virus resistance could then structure microbial communities in aquatic ecosystems. Lennon and Martiny [89] observed that viruses dramatically altered the host population dynamics in chemostats, which in turn influenced phosphorus resource availability and the stoichiometric allocation of nutrients into microbial biomass, resulting from host cell lysis and release of organic substrates (amino acids, DNA). This effect diminished with time, but could not be attributed to changes in the abundance or composition of the present bacteria. Attenuation of the virus effects coincided with the detection of resistant host phenotypes, suggesting that rapid evolution buffered the effect of viruses on nutrient cycling.
The cost of living with viruses
An adaptation in a virus lineage may change the selection pressure on the host lineage, giving rise to a counter-adaptation. If this occurs reciprocally, an unstable runaway escalation or ''arms race'' may result [91, 92] producing strong influences on the dynamics of viruses and their hosts in natural systems [55] . Adaptive responses include viral change to recognize new host receptors, production of proteins by the host that mask the phage receptor, and production of extracellular matrices as physical barrier between phages and their receptors [35] . Coexistence of hosts and viruses may thus lead to clonal successions of specific host-virus systems over time. In a study of Heterosigma akashiwo, Tarutani et al. [41] observed three periods in which hosts and viruses differed. At first, susceptible cells were dominant and decreased with time due to the viral pressure, then virus-resistant cells dominated, consequently reducing the viral population, and finally, susceptible host cells dominated presumably because a decrease in the abundance of the lytic viruses might allow the growth of susceptible cells. Another kind of equilibrium may result if feedback inhibition from previously lysed cells reduces or stops infection, or when host abundance becomes too low (due to viral lysis) [93] . Virulent viruses survive by scavenging the rare sensitive cells within the population and conversely, sensitive cells survive in the presence of virulent phage due to their rarity and the resulting low incidence of phage-host contacts [36] .
Are host-virus interactions parasitic or symbiotic?
Roossinck [94] defined three criteria for symbiosis: two entities must live together, be in physical contact and be dissimilar (different species). Most studies have focused on the negative effects of viruses modifying their host's physiology, but viral pressure can be beneficial to the host and, for example, can lead to a co-evolutionary process of both hosts and viruses [95] . This is the reason why the host-virus relationships are now better understood as a symbiosis, i.e., as a step in a continuum from parasitism (in which one partner benefits at the expense of the other) to commensalism (in which one partner benefits without affecting negatively or positively the other) and mutualism (in which both partners benefit) (Figure 2 ). For example, [96] suggested that viral activity is a driving force for host evolutionary change, because it promotes gene transfer between host and virus. Lindell et al. [97] hypothesized that viruses have evolved to use upregulated host genes, leading to their incorporation into virus genomes and their subsequent transfer producing ''genomic islands'' in the host genome. The activation of host genes during infection may be directing the co-evolution of gene content in both hosts and viruses, which may share some genes. These include proteins involved in the photosystem II (protein D1, psbA), an inducible protein (hli), transaldolase (talC) and ribonucleotide reductase (nrd). Usually, they are transcribed with phage DNA replication genes. Phages that have evolved to use these gene products gain a fitness advantage, keeping host cells alive and producing energy during the infection step [98] [99] [100] [101] . The bacteriophage S-PM2, Figure 2 . Summary of the place of viral resistance in a model of host-virus interaction. At the top, the box represents host and below, the virus. When host gains in viral resistance, two costs have been described: a cost of growth and a cost resulting from viral pressure. The major benefit of viral resistance is the host survival. Concerning the viruses, they are challenged between virulence leading to lysis of host and avirulence when they cannot affect hosts cells. The cost of virulence is the host mortality and in fine the scarcity of hosts. The benefit of virulence is the high dissemination of viruses. These processes give raise to an arms race between host and virus.
infecting Synechococcus sp. encodes for D1 and D2 proteins implied in the reaction centers of photosystem II, that are crucially sensitive to damage by photo-inhibition. The presence of these proteins in the virus allows photosynthesis and prevents photo-inhibition in infected cells while providing energy for virus replication [98] .
Gibbs and Weiller [102] hypothesized that a plant virus can switch hosts to infect a vertebrate and then recombine with a vertebrate-infecting virus. The evolution of some viruses is a continuous cycle between production of free particles, reintegration into a host genome, and acquisition of genome modifications. Viruses can acquire new genes from their host genomes and switch hosts, which may lead to new viral lineages with differing viral genomes sizes [103] and different levels of fitness. Hosts might also acquire genes from viruses or from virophage-originated large DNA transposons [104] . This widespread chimerism strongly suggests that virus genomes collectively constitute a pool that is subject to continual mixing [103] .
Viral infections can also increase the metabolism (activation of photosynthesis genes, nucleic-acid and protein metabolism), immunity, distribution and evolution (Red Queen effect) of their hosts in many unexpected and potentially positive ways [101] . Viral pressure, competitive selection, and arms race are gradual processes that drive evolution of both host and viruses.
Conclusions and perspectives
We have underlined the importance of resistance to viral lysis in aquatic ecosystems, reviewed currently known mechanisms of resistance, and highlighted the cost of such resistance to host cells. Most of these studies involved prokaryotic systems, but several new studies have now investigated resistance of aquatic eukaryotic microorganisms to viruses. Aquatic microbial populations are highly dynamic [1] and extremely diverse [105] , thus promising exciting new avenues for future research. Knowledge about the mechanisms of resistance to viruses is of primary importance to understanding the biology and dynamics of both prokaryotic and eukaryotic microbial populations that impact biogeochemical fluxes in aquatic ecosystems. Moreover, understanding resistance mechanisms to aquatic viruses can also be important for human health. Marine organisms are known to produce pharmacological and anti-viral agents [36, 94, 106] , and some of these can be used for the biological control of human virus contamination and disease transmission [107] . Additionally, due to the exponential growth of the human population and scarcity of traditional food resources, algal cultivation is being explored more and more as a viable supplement. However, most algae are threatened by several pathogens in addition to viruses, such as prokaryote and eukaryote pathogens (i.e. for example the dinoflagellate Alexandrium minutum and its parasite Amoebophrya ceratii) [108, 109] which are themselves susceptible to viral infections. Thus, understanding resistance not only improves fundamental knowledge but also could contribute to more applied issues such as the amelioration of commercial algal cultures. As an example, Jacquet et al. [110] have just described a novel virus infecting the economically important filamentous cyanobacterium Arthrospira platensis (Spirulina), which is produced in culture pools in the South of France. Their work reveal that such a cyanophage is likely to be an important regulating factor of this cyanobacterium, an organism which is used for health food and animal feed and also reported as a source of food additives, fine chemicals or again for the production of biofuels [111] .
